Electrical and electronic equipment waste, or e-waste, is one of the fastest growing waste streams in the United States. The main objective of this study is to estimate the future quantities of e-waste of thirteen selected electric and electronic products in the United States in 2025. To estimate the future amount of e-waste, the authors performed a material flow analysis. The model inputs are historical and future product sales data and the product's average life span. Sensitivity analysis was constructed to evaluate the effect of the model inputs (average life span and future sales data) in the generation of e-waste. The results show that about 1.0835 billion units will reach their end of life (EOL) in 2025; cell phone devices are the highest occurring product among the thirteen selected products and weighted for about 66.0% of units of the total amount, followed by computer products at 18.0%, TV products at 11.6%, computer monitors at 1.7%, hard copy peripherals (HCP) at 1.6%, and computer accessories at 1.0%. The sensitivity analysis shows that the product life span has an effect on the e-waste generation amounts from the products under study, while the sensitivity analysis of forecasted future sales indicates that the generated waste will increase or decrease according to the sales trend.
is important [13] . There are many model verification methods such as 1) Model evaluation statistics (dimensional). 2) Model evolution statistics (standard regression). 3) Model evaluation statistics (error index).
Methodology
It is important to know the amount of the e-waste that will be generated and when it will be generated in order to establish appropriate infrastructures. The authors performed a material flow analysis model in this study to calculate the future e-waste amount in the United States. The model was based on the assumptions of the life span and historical and future sales data for thirteen selected electronic products. The recycled and disposed amount to be generated in the future was calculated based on the EOL quantity with assumptions in their percentages, which is the same model concept used by the United States Environmental Protection Agency (USEPA) in its reports for 2007, 2008 , and 2011 to estimate the amount of e-waste generated in 2007, 2008, and 2009 [4] [14] , [15] . Estimation of the future amount of products to be collected for EOL management required forecasting the future sales. In order to calculate the future sales amount, the authors constructed two methods: The first method was used for items whose sales rates were decreasing, and the second method was polynomial regression analysis [6] . The last part of the methodology is the sensitivity analysis to evaluate the effect of the life span and predicted sales amounts in EOL management.
Model Input Data
The model inputs are the sales data (historical and future sales data) and the life spans of the products. The authors used input sales data from 1980 to 2010 data can be found in Appendix Table A1 and Appendix Table A2 [4] .
The authors used two methods, to estimate the future quantity of the product's sales amount. The first method used was for items, whose sales were decreasing annually, such as desktops, color TVs, (HCP), projectors, monochrome, keyboards, and mice. The authors calculated the average decreasing rate using sales data from 2007 and 2010 as shown in "Equation (1)". The decreasing rate for those items is assumed fixed and will not change, which in reality is not true, but as this method is an approximation analysis, the authors made this assumption. Table 1 shows the items and their decreasing annual rate. The authors used the annual decreasing rate (R P ) to calculate the future sales for the products from 2011 to 2025 using the following Equation (2) . Predicted sales amount for these seven products presented in Appendix Table B .
The second method is polynomial regression analysis, and the authors used this method in items whose sales rates were increasing such as laptops, cell phones, and flat panel TVs [6] . The authors extrapolated quantities of these three items' sales data from 2001-2010 to 2025 using the most appropriate trend lines, as shown in Figures 1-3 , and the actual values given in Table 2 . 
where, S y = Sales amount in year (y). S y+1 = Sales amount in year (y + 1). R p = Annual decreasing rate. Appendix Table B shows the products and their sales amount from 2011 to 2025. Calculation based on Equation (2).
Products Life Span
The life span of the product, or when the product reaches the end of its life, it is very difficult to assume because it depends on many factors such as user behavior, age, gender, etc. The life span of the products used in this study was adopted from the USEPA with some changes. The total life span of any particular product will encompass several stages of use. The "first use" is the time period in which the product was considered functional to the first purchaser. When the product ceases to be functional to the first user, the product may be put in storage, discarded, or recycled. If it is in working order, however, someone else will most likely reuse it. This is referred to as the "second use" stage. There are many combinations of use, reuse, and storage underlying the second use stage before the last user is ready for EOL management of the product. "Appendix Table C" shows the assumed life span for the products and the percentage from the sales amount when the products reach their EOL.
Model Applied
In a socioeconomic system, products flow into the society (sales) and then accumulate in the built environment (stock); when reaching EOL after a certain period (life span), they flow out. The model presented in this study tries to estimate the future amount of e-waste in the United States. The model is a material flow analysis model, which is widely used to estimate the amount of waste in current years or to predict the waste that will be generated in the future. The model inputs are the annual product sales data, historical sales data, and future sales data, which are predicted using the sales rate for the items whose sales are decreasing annually and polynomial regression analysis for the items whose annual sales are increasing. In material flow analysis, the general form used to represent the outflow after the useful life span is a function of the inflow in the past and can be expressed by Equation (3) .
where the outflow represents the waste generated and the inflow represent the sales amount and (P) is the percentage amount when the product reaches its end of life. Equations (4) and (5) show how the generated e-waste amount for desktops and portable computers are calculated. 
where,
The amount of EOL generated from desktop computer products in year (n). S = historical and future sales amount for desktops product. 
The amount collected for EOL management from CRT TV products in year (n). S = historical and future sales amount for PC flat panel monitors. Equation (7) for CRT PC monitor products to calculate the quantity collected for EOL management. 
The EOL amount for CRT PC monitor products in year (n). S = historical and future sales amount for CRT PC monitors.
Equation (8) 
The EOL for PC flat monitor products in year (n). S = historical and future sales amount for PC flat panel monitors.
The EOL amount generated from hard copy peripherals product calculated by Equation (9) . The EOL quantity results from using keyboard products estimated by Equation (10) .
where, ( ) n KB W = The amount collected for EOL management from key board products in year (n). S = historical and future sales amount for keyboard products.
The EOL quantity results from using mice products estimated by Equation (11) ( ) ( ) ( ) ( ) ( )
The amount collected for EOL management from mice products in year (n). S = historical and future sales amount for keyboard products.
Equation (11) estimates the future EOL amount for projector and monochrome products. Equation (11) is used to calculate the future quantity of e-waste generated by cell phone devices
where, ( ) n CP W = The amount collected for EOL management from cell phone devices in year (n). S = historical and future sales amount for cell phones.
Model Uncertainty
The authors used the coefficient of determination to assess the predictive power of the model. The R 2 is computed as shown in Equation (14) . The coefficient of determination, denoted R 2 or r 2 and pronounced R-squared, is a number that indicates how well data fit a statistical model. It is a statistic used in the context of a statistic model whose main purpose is either the prediction of future outcomes or the testing of hypotheses. On the basis of other related information, it provides a measure of how well observed outcomes are replicated by the model as the proportion of total variation of outcomes explained by the model. R 2 is a statistic that will give some information about the goodness of fit of a model. In regression, the R 2 coefficient of determination is a statistical measure of how well the regression line approximates the real data points. An R 2 of 1 indicates that the regression line perfectly fits the data. The authors collected observation data from the USEPA [15] . The observation data is the total amount collected for EOL management from 1999 to 2007. Observation and predicted data can be found in Table 3 . Figure 4 shows the predicted result against the observation data from 1999 through 2007 with an R 2 value of 9.4. 
Recycling and Disposed Amount
To estimate the portion of the recycled amount in the future three methods evaluated; moving average, linear regression and exponential smoothing, based on data from USEPA from 1999 through 2007, and to evaluate which method is best among all, coefficient of determination (R 2 ), mean absolute error (MAE) and root mean square error (RMSE) performed, values can be found in Table 4 . Based on the result for the above three evolution methods moving average found to be the best in terms of error forecasting and used to predict the percentage of the recycling amount in the future as shown in Table 5 from total amount collected for EOL management every year from 2013 through 2025, and the generated quantity that will be disposed calculated by subtracted the amount estimated to be recycled from the total estimated amount collected for EOL management.
Sensitivity Analysis
This study presents a sensitivity analysis for the model input, product life span, and predicted sales amount. It analyzes sensitivity analysis for product life span for three selected products: flat panel TVs, portable computers, and cell phones. According to the literature review, the life span has great influence on the amount of generated waste. This analysis indicates the importance of the life span, the corresponding need for comprehensive knowledge of consumer behavior, and the factors that affect the disposal decision such as technological innovation, availability, and cost of maintenance, among others. The idea is to increase the life span of those products by three years for portable computers and flat panel TVs, and two years for cell phones, and run the model to show how the generation of e-waste is affected by this change. The study presents a sensitivity analysis for product's predicted sales amount to study the effect of the uncertainty of the predicted sales amount in the e-waste generated quantity. The idea is to increase or decrease the prediction sales amount by 10%.
The results for products life span sensitivity analysis shows that the amount of waste will decrease as presented in Figures 5-7 and Tables 6-8 .
Sensitivity analysis constructed for the predicted sales data in this study to evaluate the uncertainty of the model. Assumed the predicted sales data will increase or decrease by 10%. Result shown in Tables 9-11, indicted that the amount will be collected for EOL management will increase or decrease by the same amount of increasing in sales data in the future. Therefore the flow of the product in the market has a great influence in the waste amount as well as the accuracy of the sales data. Figure 8 shows the model result for amount collected for the EOL management from desktop computer products. The result shows that the e-waste generated from this product is decreasing due to high increasing number of laptop user's in recent years. The results indicated that about 15.6 million units could possible to be collected for end of life management in 2025. 
Results

End of Life Management Amount
Units in Millions Year
Waste Generated
Waste Generated* The amount of products that can be collected for EOL management resulting from using portable computer products will increase as per Figure 9 . About 138.6 million units will reach their end of life in 2025. Compared to the amount collected for EOL management estimated in this study in 2013, which is 34.2 million units, it is obvious that there will be a high increase in the collected amount of products for EOL management in the future. Hard copy peripherals (HCPs) include printers, multifunction printers, digital copiers, and faxes. Computer accessory in this study refer to keyboards and mice. Keyboards model result shown in Figure 12 and mice in Figure 13 . The predicted amount collected for EOL management from these two products in 2025 is 4.8 million units for keyboards and 1.7 million units for mice. Prediction waste amount for monochrome, in 2013 is about 0.12 million units and will be zero from 2018 as shown in Figure 18 .
The e-waste amount for cell phones shows in Figure 19 . The model estimates that the amount will be col- 
Generation Waste Amount by Weight
This section presents estimates of the quantity of EOL management for electronic and electrical products generated for management each year by weight. As described earlier, we developed the estimates by starting with product sales data and assuming specific life spans for each product type to represent the time between product purchase and the need for EOL management. The average weight of products is an important factor in the amount of the e-waste generation. Within some product types, such as TVs, weights vary depending on the size and type of screen. Product weights also can vary over time as technology, style, and features change [15] . The Table 16 shows the percentage of every product collected for EOL management by weight. The cell phone product is the highest among the all products which will be collected for EOL management by units and the lowest by weight.
Recycling and Disposed Amount
The majority of EOL material that is not being recycled is probably going into landfills, about 80% from the total EOL amount will go to landfills in 2025. Refer to, "even though cell phone devices are the highest product estimated in this study will be recycled still is the highest product will be land filled" followed by computers, TVs, Keyboards, mice, PC monitors and hard copy peripherals. According to this analysis about 60.1 million units of computer products, 16.6 million units of TVs 83.3 million units from cell phones, 4.3 million units of computer displayers, 0.7 million units of keyboards and mice and 4.5 from hard copy peripherals will be recycled in 2025 as shown in " Table 17 " and " Figure 21" . The amount will be disposed shown in "Table 18" and " Figure 23" . The total amount will be recycled is about 30% from the total amount collected for EOL management in 2025.
Conclusions and Discussion
The purpose of this study was to establish a baseline regarding the management of EOL electrical and electronic products (e-waste). The baseline data addresses televisions, cell phones, personal computers (desktops, laptops), computer displayers (CRT and flat monitors), keyboards, mice, and hard copy devices (e.g., printers, scanners, faxes) are sold between 1980 and 2025.
The quantity collected for EOL management from desktop computer products will decrease; 35. lion units in 2025. This study shows that there will be more portable computers in the market than desktop computers in the future [16] . Therefore, there will be more e-waste generated from portable computers. We es- timate that computer products (desktops and portables) will be one of the most commonly recycled products in the future with about 7% of the total quantity collected for EOL management, and the quantity that will be disposed is about 11%, unless there is a ban on dumping them in landfills. For hard copy peripheral products, the study estimated about 13.4 million units will reach their EOL in 2025. Respectively, 4.5 million units and 8.9 million units will be recycled and disposed.
The amount collected for EOL management forecasted by the model for computer displayers is about 0.0 and 13.34 million units for CRT and flat panel monitor products, respectively, in 2025. Over the last five to seven years, flat panel monitors have taken over as the predominant monitors to be used with a computer [17] . Of these, 4.3 million units are estimated to be recycled and about 9.4 million units will be disposed.
Computer accessories in this study refer to keyboards and mice. The model result estimated about 4.9 and 3.3 million units will reach their EOL in 2025 for keyboard and mouse products, respectively. The recycled amount is less than the disposed amount; 7.5 million units will be disposed and 0.7 million units will be recycled for both products.
This study carried out predictions of EOL amounts for three types of TVs: color CRT TVs greater and less than 19 inches and flat panel TVs. The predicted sales amount estimated in this study shows that the CRT TV sales will reach 0.00 in 2016. However, the amount of e-waste generated from these two products is considera- the total collected amount for EOL management, and 10% will be disposed in 2025.
Cell phone devices are the most common product that will be collected for EOL management in 2025 by units and the lowest by weight. The model predicts that 564.4 million units of cell phone devices will be ready for EOL management in 2025. Comparing this result with 2015, which is 283.6 million units, it is obvious that cell phone use will increase by double. The study estimates that 83.3 million units will be recycled and 479.2 million units will be disposed. The product is the most common to be recycled but also the most common to be disposed, and the recycling is weighed at about 10% from the total amount collected for EOL management in 2025 by units. The total amount estimated for recycling and disposal is between 169.6 and 600.1 million units for all prod ucts. The disposal amount weighed about 80.0% from the total amount collected for EOL management compared to the result of a USEPA report for 2008 [4] , which stated that about 80.1%. The result shows no change in the amount will go to the landfills in future and means that all the states authorities need to establish appropriate infrastructures and regulations to increase the recycling amount. Sensitivity analysis shows that the product life span has an effect on the quantity of the e-waste that will be generated from the products under study. For example, e-waste will decrease about 20% if the life span for portable computer products increases by three years in 2025, while the sensitivity analysis for forecasted future sales indicates that the generated waste will increase or decrease according to the sales trend.
The e-waste amount per capita is estimated to be about 12.71 lbs./cap in 2025 compared to the result of a USEPA 2009 report, which shows 6.34 lbs./cap. This indicts that e-waste amount per capita in 2025 will be two times the estimated amount by USEPA in 2009 [4] .
This study is based on data collected from the USEPA, assumptions for products' life span, and the percentage of products ready for EOL based on data from State of Florida and is assumed to be representative for all other states. This assumption may misrepresent product usage patterns, which could have an effect on the quantity collected for EOL management. Adopted from USEPA [14] . Table B . Predicted sales data for CRT TV, HCP, Projector, monochrome, mouse, keyboard and PC CRT monitor products. 
Appendix
